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Abstract
We previously presented the “minimal neutral naturalness model”, in which neutral naturalness
is realized with the minimal coset and the minimal field content in the color-neutral sector. To
fully eliminating the cutoff dependence in the Higgs potential, its ultraviolet completion was laid
out. In this work, we investigate in details the holographic realization in warped five-dimensional
framework. Using the holographic method, we obtain the effective action on the UV brane and
derive the finite Higgs potential, with the Higgs being a pseudo Nambu-Goldstone boson. The Higgs
potential is fully radiatively generated and vacuum misalignment is naturally realized through only
the fermionic contribution. To illustrate general features of the lowest Kaluza-Klein states, we
construct the corresponding deconstructed two-site composite model.
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I. INTRODUCTION
The discovery of the Higgs boson marked a milestone in the history of particle physics. As
the agent of electroweak symmetry breaking (EWSB), the Higgs boson plays the central role
of giving masses to all the particles in the standard model (SM). In the SM, the Higgs boson h
is assumed as an elementary scalar arising from a SU(2)L doubletH =
1√
2
(w1+iw2, h+iw3)
T ,
with the Goldstone bosons w1,2,3 being eaten by electroweak gauge bosons after EWSB, and
the origin of EWSB is described by the so-called Ginzburg-Landau potential. However, since
we have not measured shape of the Higgs potential yet, we do not know whether the Higgs
boson is an elementary particle and the potential is Ginzburg-Landau-like. Most generally,
from a bottom-up perspective, one can naively add higher dimensional operators (e.g. [1–3])
to describe possible deviations from the SM,
V (H) = −µ2H†H + λ(H†H)2 + c6
Λ2
(H†H)3 + · · · (1)
where µ2, λ are the ordinary coefficients for the Higgs quadratic and quartic terms respec-
tively, and Λ is some new physics scale beyond the electroweak scale v = 246 GeV, c6 is the
corresponding Wilson coefficient of the dimension-six operator (H†H)3.
Instead of assuming the fundamental nature of the Higgs boson as in SM, one of the
most attractive and theoretical-motivated alternatives is to assume it as a pseudo Nambu-
Goldstone boson (PNGB); see Refs. [4, 5] for general reviews. In this case, the Higgs potential
is schematically
V (H) ' −γ sin2
(√
H†H
f
)
+ β sin4
(√
H†H
f
)
(2)
considering its nature as a PNGB and a SU(2)L doublet, where f is the global symmetry
breaking scale at which the PNGB Higgs emerges, while γ and β are two coefficients dictated
by the dynamics responsible for generating the Higgs potential. When v  f , one can
expand the Higgs potential in Eq. 2 in powers of H†H and match to the effective Lagrangian
in Eq. 1. By assuming the Goldstone nature, the so-called hierarchy problem can be solved
with some symmetries (as well as top partners) being introduced to cut off the quadratic
divergence, i.e., the Higgs mass is not quadratically sensitive to higher scale [6]. Furthermore,
due to the “shift symmetry”, the above Higgs potential in Eq. 2 is usually generated at loop
level and its specific form is controlled by some explicit shift-symmetry-breaking effects.
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FIG. 1. Sketch of vacuum misalignment for the case that the Higgs boson is assumed as a PNGB.
The circle denote the vacuum of global symmetry breaking with the symmetry breaking scale f .
The dots in blue, green, and red denote the vacuum at which the electroweak scale v = 0, v << f ,
and v = f , respectively. Note that the precision Higgs data prefers the vacuum in green (v << f).
Given the Higgs potential in Eq. 2, there are two steps of symmetry breaking, i.e., the
global symmetry breaking and the electroweak symmetry breaking. The vacuum structure
is depicted schematically in Fig. 1. One can define a so-called “vacuum misalignment” [7]
angle to denote the magnitude of misalignment of these two scales, i.e.,
ξ ≡ sin2 θ = v
2
f 2
=
γ
2β
. (3)
Note that, by minimizing the Higgs potential, the misalignment angle is related to the
dynamics that generates the potential. Note that the current data of Higgs precision mea-
surements already set a bound on the ratio of these two symmetry breaking scales, i.e.,
θ  1 [8]. This leads to a bound on the ratio of the coefficients γ and β,
γ
2β
 1. (4)
Unfortunately, it is not straightforward to realize the above vacuum misalignment condition
theoretically. It typically relies on cancellation between fermionic and bosonic contributions
to the γ and β in the radiative Higgs potential, to realize a small vacuum misalignment angle,
because the fermionic contribution to the potential usually gives v ' f , while the bosonic
contribution tends to preserve the electroweak symmetry v = 0. Due to the compensation
between these two effects of fermions and bosons, the vacuum with v  f is realized.
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Instead of considering the compensation between fermionic and bosonic contribution, it is
highly motivated to develop a strategy to realize the vacuum v  f within only the fermionic
sector. Such a model construction would naturally realize the misalignment, because there
is no need of realizing the compensation between two different sectors. In Ref. [9], it has
been shown that this scenario can be realized in composite Higgs model with the minimal
coset SO(5)/SO(4) [10, 11], from which the Higgs boson arises as a PNGB. Explicitly,
vacuum misalignment is realized in the fermionic sector considering both the top quark and
the top partners in the color-neutral sector. Because the top partners do not have QCD
quantum number and thus cannot be produced with large rate at the Large Hadron Collider
(LHC), light top partners with sub-TeV mass are still viable options and the little hierarchy
problem is avoided. This kind of construction can be regarded as one of the incarnations of
the neutral naturalness scenario [12–30]. Compared to other model realizations, the model in
Ref. [9] is characterized by the minimal coset from which the PNGB Higgs emerges, and the
minimal field content in the color-neutral sector for modeling the realistic EWSB, therefore
it is named as the minimal neutral naturalness model (MNNM).
The γ and β in the radiative Higgs potential typically have logarithmic dependence on the
cutoff scale, which comes from some unknown ultraviolet (UV) physics. To remove the log
divergence and obtain the finite Higgs potential, we construct the holographic completion of
MNNM and the corresponding deconstructed version. In the five-dimensional holographic
Higgs setup, the PNGB Higgs is treated as the fifth component of five-dimensional gauge
field A5(xµ, y) living in the bulk [31]. Because of the compositeness being introduced at
higher scale, the holographic/deconstructed setup can be viewed as one of the possible UV
completions of the minimal model. With the standard holographic technique (see Refs. [32,
33] for pedagogical reviews and references therein), the contribution from all the composite
resonances to the Higgs potential can be resummed, whose information is then encoded in
the form factors after these resonances being integrated out. Furthermore, the contribution
from the composite resonances renders the finite Higgs potential, which means the Higgs
mass (and the electroweak scale) is insensitive to the UV cutoff. With the assumption that
there is no mass splitting inside the full composite multiplets, the Higgs potential can also
be finite in the deconstructed two-site model.
The rest of this paper is organized as follows. In Sec. II, the basic five-dimensional
model setup is presented; the holographic technique is applied to the model in Sec. III; the
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effective holographic Lagrangian is obtained, and the Higgs potential is calculated in Sec. IV;
Constraints from the electroweak precision tests are briefly discussed in Sec. V; in Sec. VI,
we present in details the deconstructed version of the five-dimensional model, then followed
by comments on the finiteness of the Higgs potential in the deconstructed model; finally we
conclude in Sec. VII.
II. THE FIVE-DIMENSIONAL MODEL
The five dimensional theory can be defined in the interval x5 ∈ [0, piR] with the geometry
given by the metric
ds2 ≡ a2(x5)ηµνdxµdxν − dx25 , (5)
where the UV brane and the IR brane are located at x5 = 0 and x5 = piR respectively, and
ηµν = diag(1,−1,−1,−1) denote the usual four-dimensional metric. For five-dimensional
anti-de Sitter space AdS5 [34], we explicitly have the curvature factor a
2(x5) = e
−2kx5 .
Equivalently, one can also use the following metric to denote the AdS5,
ds2 ≡ a(z)2 (ηµνdxµdxν − dz2) =
(
L
z
)2
(ηµνdx
µdxν − dz2) (6)
where the theory is instead defined zUV ≤ z ≤ zIR with the UV brane localized at zUV =
L0 ∼ 1/Mplanck, the IR brane localized at zIR = L1 ∼ 1/TeV, and the AdS curvature radius
denoted by L accordingly. The above two notations can be translated to each other by the
redefinition of coordinates, i.e., L/z = e−kx5 where L = 1/k.
After introducing the metric, the action for the five-dimensional gauge theory can be
written as
Sgauge =
∫
d4x
∫
dx5
√
g
{∑
b
− 1
4g2b
F bMNF bMN
}
(7)
where the index b denotes the all internal degrees of freedom of the gauge bosons living in
the bulk, and M,N denote the five-dimensional spacetime coordinates (M,N = 0, 1, 2, 3, 4).
Considering the internal components of the gauge field F bM , the bulk gauge symmetry G
needs to be broken down to HUV and HIR at the UV and IR brane, respectively. In practice,
the symmetry breaking can be realized with the following Neumann (+) and Dirichlet (−)
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FIG. 2. The symmetry breaking pattern and the corresponding boundary conditions for the five-
dimensional gauge theory. The black circle denotes the bulk symmetry, while the blue circle and
the red circle denotes the symmetry on the UV brane and IR brane, respectively.
boundary conditions (B.C.) imposed on the above two branes,
∂5F
A
µ (x5 = 0, piR) = F
A
5 (x5 = 0, piR) = 0 A ∈ HUV ∩HIR;
∂5F
A˙
µ (x5 = 0) = F
A˙
5 (x5 = 0) = 0, F
A˙
µ (x5 = piR) = ∂5F
A˙
5 (x5 = piR) = 0 A˙ ∈ HUV /(HUV ∩HIR);
∂5F
A˜
5 (x5 = 0) = F
A˜
µ (x5 = 0) = 0, F
A˜
5 (x5 = piR) = ∂5F
A˜
µ (x5 = piR) = 0 A˜ ∈ HIR/(HUV ∩HIR);
∂5F
A¯
5 (x5 = 0, piR) = F
A¯
µ (x5 = 0, piR) = 0 A¯ ∈ G/(HUV ∪HIR),
(8)
where the internal degrees of freedom are decomposed as b = {A, A˙, A˜, A¯}. More straight-
forwardly, we sketch the above symmetry breaking pattern and the associated B.C. for the
four-dimensional gauge fields F bµ in Fig. 2. Note that the corresponding fifth component F
b
5
always has the opposite B.C. with respect to F bµ.
For realistic composite Higgs models, symmetries are HUV = SU(2)L × U(1)Y , HIR =
SO(4)×U(1)X and G = SO(5)×U(1)X [10], in addition to the gauge group SU(3)c for the
QCD color and possibly another SU(3)′c for the color in the hidden sector. As we will see
explicitly in the fermionic sector, only the top partners in the hidden sector are charged under
this SU(3)′c. Since both the groups SU(3)c and SU(3)
′
c are irrelevant to symmetry breaking,
we will neglect them for a moment. On the other hand, the unbroken SO(4) symmetry on
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the IR brane can serve as the custodial symmetry under which the ρ parameter is protected.
Accordingly, we see that the SM gauge symmetry SU(2)L × U(1)Y is unbroken on the UV
brane, and it is embedded in SO(4)×U(1)X ∼= SU(2)L×SU(2)R×U(1)X , with the hyper-
charge being identified as Y = X+T 3R. As we can see, this additional U(1)X here is necessary
for obtaining the correct hyper-charges for the SM fermions.
Following the standard approach of Kaluza-Klein (KK) decomposition, we can expand
the gauge fields as
F aµ (x, x5) =
∑
n
fan(x5)F
n,a
µ (x), F
a
5 (x, x5) =
∑
n
f˜an(x5)F
n,a
5 (x) (9)
where the solutions of KK profiles fan(x5) and f˜
a
n(x5) follow the equation
∂5(a
2(x5)∂5fn) +m
2
nfn = 0 (10)
and the normalization condition g25
∫ L
0
fnfm = δnm. And F
n,a
µ (x) and F
n,a
5 (x) are the four-
dimensional fields after KK decomposition accordingly. Let us denote the two independent
solutions as C(x5,mn) and S(x5,mn), with their explicit forms given by
C(x5,mn) =
pimn
2k
a−1(x5)
[
Y0
(mn
k
)
J1
(mn
ka
)
− J0
(mn
k
)
Y1
(mn
ka
)]
, (11)
S(x5,mn) =
pimn
2k
a−1(x5)
[
J1
(mn
k
)
Y1
(mn
ka
)
− Y1
(mn
k
)
J1
(mn
ka
)]
. (12)
After KK decomposition, we see only the fields with the (+,+) boundary conditions, i.e.,
the field components FAµ and F
A¯
5 , have the zero modes
Sgauge =
∫
d4x
{
1
2
(
∂µF
A¯
5
)2
− 1
4
FAµνF
Aµν + massive KK modes
}
. (13)
At the tree level, we see that F A¯5 is nothing but a massless scalar from a four-dimensional
perspective. Due to quantum correction, it can be identified as the PNGB Higgs of the coset
SO(5)/SO(4) and can be dubbed as h(x) for convenience. The corresponding Wilson line
of F A¯5 is then
Ω(x) = e−ih(x)Tˆ g5(
∫ L
0 dy a
−2)
1/2
(14)
with the “decay constant” of the PNGB Higgs identified as f−2 = g25
∫ L
0
dy a−2, and g5 the
5D gauge coupling with dimension Dim[1/g25] = 1. Note that one can make use of Eq. 14 to
remove the A5 dependence in the fifth dimension via certain gauge transformations; see e.g.
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Ref. [35]. One can also obtain the mass spectrum of gauge bosons after EWSB, i.e., when
the Higgs boson develops a non-zero vacuum expectation value (VEV), h = 〈h〉 [36, 37].
In Ref. [9], two pairs of vector-like top partners, namely one SU(2)L doublet and one
SU(2)L singlet, are introduced to cut off the quadratic divergence of the Higgs mass and at
the same time realize the natural vacuum misalignment. In the five-dimensional setup, these
fermions can be embedded in full representations of the bulk gauge symmetry SO(5). For
our purpose, we introduce two SO(5) fundamental 5-plets ξq and ξq˜, and two SO(5) singlets
ξt and ξT˜ living in the bulk. The fields ξq and ξt are only charged under the QCD SU(3)c
color group, while the fields ξq˜ and ξT˜ are QCD neutral but charged under the SU(3)
′
c color
in the hidden sector. We have the Lagrangian for the bulk fermions as
Sfermion =
∫
d4x
∫ L1
L0
dz
√
g
 ∑
f=q,t,q˜,T˜
1
g25
(
i
2
ξ¯fγ
MDMξf − i
2
(DMξf )
† Γ0γMξf −Mξf ξ¯fξf
) ,
(15)
with the specific B.C. assignments on each component of the bulk fermions as
ξq =
 (2, 2)
q
L =
 q′L(−+)
qL(++)
 (2, 2)qR =
 q′R(+−)
qR(−−)

(1, 1)qL(−+) (1, 1)qR(+−)
 ,
ξt =
[
(1, 1)tL(−−) (1, 1)tR(++)
]
; (16)
and
ξq˜ =
 (2, 2)
q˜
L =
 q˜′L(−+)
q˜L(++)
 (2, 2)q˜R =
 q˜′R(+−)
q˜R(−−)

(1, 1)q˜L(++) (1, 1)
q˜
R(−−)
 ,
ξT˜ =
[
(1, 1)T˜L(−−) (1, 1)T˜R(++)
]
, (17)
where the chiralities under the four-dimensional Lorentz group are denoted by L and R, re-
spectively. The notations (1, 1) and (2, 2) denote the quantum numbers under the SU(2)L×
SU(2)R symmetry when decomposing a full SO(5) representation into SO(4) representa-
tions, as 5 = 4 + 1 = (2, 2) + (1, 1) in our model.
As we will see later, brane-localized terms are needed to explicitly break the “shift symme-
try” of the Higgs boson; otherwise, rather than being a pseudo Nambu-Goldstone boson, the
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Higgs boson would have become an exact Nambu-Goldstone boson, without non-derivative
terms such as Higgs potential and top Yukawa coupling. Specifically, for the fermions charged
under the QCD SU(3)c color symmetry, we introduce the term
Smixing =
m
g25
∫
d4x
√−gind (1, 1)qL (1, 1)tR (zIR = L1) + h.c.
≡ m
g25
∫
d4x
√−gind ξ(1)qL ξtR (zIR = L1) + h.c. , (18)
on the IR brane, which is invariant under SO(4) × U(1)X . Note that ξq is decomposed as
ξq ≡ (ξ(4)q , ξ(1)q )T under the SO(4) symmetry, m is the dimensionless mixing parameter. With
our conventions, all the bulk fermions are of the dimension Dim[ξ] = 3/2. For the fermions
only charged under the SU(3)′c group, there is similarly a mixing term
S ′mixing =
m˜
g25
∫
d4x
√−gind (1, 1)q˜L (1, 1)T˜R (zIR = L1) + h.c.
≡ m˜
g25
∫
d4x
√−gind ξ(1)q˜L ξT˜R (zIR = L1) + h.c. , (19)
with the fermions in the hidden sector also being decomposed according to the SO(4) sym-
metry. As we mentioned earlier, the form of the radiative Higgs potential is determined
by the explicit global-symmetry-breaking effects; in the current case, the Higgs potential
depends on mixing parameters m and m˜ in Eq. 18 and Eq. 19. Furthermore, we need to
introduce the right-handed component q˜0R, for making the doublet top partner in the hid-
den sector become vector-like and uplifting the zero mode accordingly. For that, we can
explicitly have the mass term for the doublet fermion on the UV brane
Smass = −m˜q
g25
∫
d4x
√−gind q˜0R q˜L(++) (zUV = L0) + h.c. , (20)
which is invariant under SU(2)L×U(1)Y . Note that the minus sign is just conventional and
it is defined as above for later convenience.
One can define the KK profiles for the bulk fermions in general as
ΨL(x, x5) = a
−2eMfx5
∑
n
fL,n(x5)ΨL,n(x), (21)
ΨR(x, x5) = a
−2e−Mfx5
∑
n
fR,n(x5)ΨR,n(x), (22)
where ΨL,n(x) and ΨR,n(x) are the fermionic field after KK decomposition of the fermionic
fields with n denotes the corresponding KK state. The KK profiles fL,n and fR,n satisfy the
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bulk equation of motion [
∂25 +
(
a′
a
+ 2M
)
∂5 +
m2n
a2
]
fL,n = 0, (23)[
∂25 +
(
a′
a
− 2M
)
∂5 +
m2n
a2
]
fR,n = 0, (24)
with the solution
S˜Mf (x5,mn) =
pimn
2k
a(x5)
∓c− 1
2
[
J 1
2
±c
(mn
k
)
Y 1
2
±c
(
mn
ka(x5)
)
− Y 1
2
±c
(mn
k
)
J 1
2
±c
(
mn
ka(x5)
)]
(25)
where M = −ck. In the absence of mixings between components with different B.C., only
the components with the B.C. (++) have the zero modes. For the fields charged under QCD
color, the zero modes of the bulk fields ξq and ξt can be identified as qL and tR, respectively;
for the fields charged under the color in the hidden sector, the zero modes are the vector-like
top partners. After those brane localized terms are introduced, different multiplets, such as
ξq and ξt, are related via the equation of motion, and induce the Yukawa coupling between the
zero modes, such as qL and tR. These terms are crucial to generate the Higgs potential and
trigger EWSB. On the other hand, these terms make the task of finding the KK spectrum of a
generic five-dimensional setup technically quite complicated. Therefore, instead of pursuing
the cumbersome KK decomposition, we resort to the alternative holographic approach to
extract the four-dimensional low energy Lagrangian from the five-dimensional setup.
III. EFFECTIVE BOUNDARY ACTION IN HOLOGRAPHIC APPROACH
The holographic approach [38–43] is extremely useful when computing the low energy
observables, such as the Higgs potential, in the five-dimensional gauge-Higgs unification sce-
nario. In the holographic approach, the information of the five-dimensional bulk is encoded
in the so-called holographic Lagrangian defined on the UV brane, accordingly with the holo-
graphic fields. Equivalently, one can think of the holographic Lagrangian as the low energy
effective description of the five-dimensional setup, with the bulk fields being integrated out,
while its value on the UV brane being fixed.
More practically, it is much more convenient to work in the gauge where the dependence
on F5 is shifted to the boundary action on the UV brane; and it can be achieved by certain
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gauge transformations with the Wilson line defined in Eq. 14. Accordingly, the boundary
conditions need to be redefined as
φ0 → Ω φ0, (26)
where φ0 ≡ φ(xµ, z = L0) denotes the generic boundary field on the UV brane. This means
when solving the holographic Lagrangian one can set F5 = 0 temporarily and then use the
boundary condition in Eq. 26 to recover the Higgs dependence.
Let us solve the holographic Lagrangian for the theory defined in Sec. II. For the purpose
of demonstrating the electroweak vacuum can naturally align along the direction with small
θ ∼ v2/f 2, we focus on the fermion sector in this section. Under the field variations δξq and
δξt, the bulk action for the SM sector would vary accordingly as
δSfermion =
1
g25
∫
d4x
∫ L1
L0
dz
√
g
[
δξ¯q,tDξq,t +Dξq,tδξq,t
]
+
1
2
1
g25
∫
d4x
√−gind
{(
ξ¯qLδξqR + δξ¯qRξqL − ξ¯qRδξqL − δξ¯qLξqR
) |L1L0
+
(
ξ¯tLδξtR + δξ¯tRξtL − ξ¯tRδξtL − δξ¯tLξtR
) |L1L0} . (27)
In the above equation, we see that there are non-vanishing boundary terms in δSfermion.
Only those boundary terms will survive after imposing the bulk equation of motion, namely
Dξq = 0 and Dξt = 0 where D is the five-dimensional Dirac operator. The variation of the
action vanishes, i.e.,
δS = 0. (28)
Therefore, additional boundary terms are needed to cancel the non-vanishing terms in Eq. 27.
It is natural to choose ξqL and ξtR as the holographic source fields, as they are the fields
with Neumann B.C. according to Eq. 16. Then variations of the fields ξqL and ξtR vanish on
the UV brane as their field value are fixed,
δξqL(z = L0) = δξtR(z = L0) = 0. (29)
On the other hand, ξqR(z = L0) and ξtL(z = L0) are free to vary. After setting Eq. 29, we
have
δSfermion|z=L0 =
1
2g25
∫
d4x
√−gind
[− (ξ¯qLδξqR + δξ¯qRξqL)+ (ξ¯tRδξtL + δξ¯tLξtR)] |z=L0
(30)
11
for the variation of action on the UV brane. In order to satisfy Eq. 28, the following terms
on the UV brane are introduced
∆SUV =
1
2
1
g25
∫
d4x
√−gind
[
(ξ¯qLξqR + ξ¯qRξqL)− (ξ¯tRξtL + ξ¯tLξtR)
] |z=L0 , (31)
and then we see that
δSfermion|z=L0 + δ(∆SUV ) = 0 . (32)
As we mentioned, to generate the top Yukawa and hence induce the Higgs potential
radiatively, additional mixing term in Eq. 18 on the IR brane needs to be introduced to
explicitly break the SO(5) symmetry. Note that both the top quark mass and Higgs potential
vanish when m → 0, which renders the Higgs boson an exact Goldstone boson. With the
additional terms on the IR brane
∆SIR =
1
2
1
g25
∫
d4x
√−gind
[− (ξ¯qLξqR + ξ¯qRξqL)+ (ξ¯tLξtR + ξ¯tRξtL)] |z=L1 , (33)
as well as the requirement that the variation on the IR brane vanishes, namely
δSfermion|z=L1 + δ(∆SIR) + δSmixing = 0 (34)
where Smixing is defined in Eq. 18. the boundary conditions on the IR brane can be derived
as
ξtL(z = L1) = −m ξ(1)qL (z = L1),
ξ
(1)
qR (z = L1) = m ξtR(z = L1),
ξ
(4)
qR (z = L1) = 0.
(35)
Turning off the mixings, then the boundary conditions in Eq. 35 would reduce to ξtL(z =
L1) = 0 and ξqR(z = L1) = 0, which is fully consistent with the B.C. assignment in Eq. 16.
To obtain the holographic Lagrangian, one needs to solve the fields ξtL and ξqR in terms of
the holographic source fields, with the boundary conditions obtained as in Eq. 35.
Due to the mixing term introduced in Eq. 19, the non-vanishing Higgs potential can also
arise from the hidden sector when m˜ is not zero. For the bulk fermions in the hidden sector,
it is natural to choose ξq˜L = (ξ
(4)
q˜L , ξ
(1)
q˜L )
T and ξT˜R as the holographic fields. Similar to the
previous situation, they are the fields with the Neumann B.C. on the UV brane. Following
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the holographic approach, we obtain the IR-boundary conditions for the hidden sector as
ξT˜L(z = L1) = −m˜ ξ(1)q˜L (z = L1),
ξ
(1)
q˜R (z = L1) = m˜ ξT˜R(z = L1),
ξ
(4)
q˜R (z = L1) = 0,
(36)
which is irrelevant to the extra action defined on the UV brane in Eq. 20. Since the four-
dimensional field q˜0R is treated as a holographic field, the variation of Smass then automati-
cally vanish.
IV. THE EFFECTIVE LAGRANGIAN AND HIGGS POTENTIAL
In the last section, we follow the standard procedure to solve the fermion sector of the
five-dimensional model holographically [43], and we end up with the effective boundary
action, in which the mixings on the IR brane are crucial for breaking the shift symmetry
of Nambu-Goldstone Higgs explicitly. In this section, we present the resulting low-energy
holographic Lagrangian which only contains the UV fields, and furthermore from that we
derive the Higgs potential regarding the fermionic contribution.
After solving the boundary conditions obtained in Eqs. 35 and 36, we obtain the low
energy effective Lagrangian parametrized as the following
Leff = t¯Lp/ΠtLtL + t¯Rp/ΠtRtR − t¯LΠtLtRtR + ¯˜Lp/Π˜LL˜+ ¯˜Rp/Π˜RR˜− ¯˜LΠ˜LRR˜ + h.c. , (37)
where, for compactness, the holographic source fields in the color-neutral sector are denoted
as
L˜ =
 t˜L
T˜L
 , R˜ =
 t˜R
T˜R
 , (38)
and the information of strong dynamics is encoded in the form factors ΠtL ,ΠtR ,ΠtLtR and
Π˜L, Π˜R, Π˜LR. In the above effective Lagrangian, we neglect the bottom sector as they are
less relevant to EWSB due to the smallness of the bottom Yukawa coupling.
The Higgs dependence can be read off after the “Goldstone matrix” is dressed on. Ac-
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cordingly, the holographic fields need to be redefined as
ξqL =
1√
2

bL
−ibL
tL
itL
0

→ 1√
2

13×3
ch sh
−sh ch


bL
−ibL
tL
itL
0

= 1√
2

bL
−ibL
tL
itLch
−itLsh

, (39)
and
ξq˜1L =
1√
2

b˜L
−i˜bL
t˜L
it˜L√
2T˜L

→ 1√
2

13×3
ch sh
−sh ch


b˜L
−i˜bL
t˜L
it˜L√
2T˜L

= 1√
2

b˜L
−i˜bL
t˜L
it˜Lch +
√
2T˜Lsh√
2T˜Lch − it˜Lsh

,(40)
and
q˜R =
1√
2

b˜R
−i˜bR
t˜R
it˜R
0

→ 1√
2

13×3
ch sh
−sh ch


b˜R
−i˜bR
t˜R
it˜R
0

= 1√
2

b˜R
−i˜bR
t˜R
it˜Rch
−it˜Rsh

. (41)
Here we report the explicit holographic Lagrangian. In the SM top sector, we have
LHSM = t¯LΠL(0)p/ptL + ΠL(m)−ΠL(0)2 t¯L p/ps2htL + t¯R p/pΠR(m)tR + −i ΠLR(m)√2 sht¯LtR + h.c. ; (42)
while in the color-neutral sector, we have
LHhidden = ¯˜tL
p/
p
Π˜L(0)t˜L +
¯˜
TL
p/
p
Π˜L(m˜
′)T˜L
+
(
Π˜L(m˜
′)− Π˜L(0)
)
×
(
1
2
¯˜tL
p/
p
s2ht˜L − ¯˜TL
p/
p
s2hT˜L +
i√
2
¯˜tL
p/
p
shchT˜L
)
+ ¯˜tRp/t˜R +
¯˜
TR
p/
p
Π˜R(m˜
′)T˜R − m˜q¯˜tLt˜R + Π˜LR(m˜′)
(
i√
2
¯˜tL sh +
¯˜
TL ch
)
T˜R + h.c. .
(43)
In these form factors, the Higgs dependence can also be inferred according to the quantum
numbers of the holographic fields under SU(2)L group. For example, ΠtLtR should be pro-
portional to sh ≡ sin(h/f) since tL belongs to the SU(2)L doublet while tR is a singlet.
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On the other hand, the wave functions should always contains Higgs dependence like s2h or
ch ≡ cos(h/f). Furthermore, we see all the Higgs dependence in the holographic Lagrangian
in Eq. 42 and Eq. 43 would vanish if the mixing terms on the IR brane were turned off, i.e.,
m, m˜′ → 0. Note that both ΠLR(m) and Π˜LR(m˜′) are proportional to m and m˜′, respectively.
We also note that the mass term of the doublet defined in Eq. 20 is invariant after dressing
the Higgs field.
Based on the above holographic Lagrangian in Eq. 42 and Eq. 43, we obtain the Higgs
potential, including both the contribution of the SM sector and the color-neutral sector, as
V (h) = − 2Nc
16pi2
∫
dQ2Q2 log
[
ΠtLΠtR ·Q2 + |ΠtLtR |2
]
− 2N˜c
16pi2
∫
dQ2Q2 Tr
{
log
(
Q2 + Π˜LRΠ˜
−1
R Π˜
†
LRΠ˜
−1
L
)
+ log
(
1 + (Π˜L − Π˜L0)Π˜−1L0
)
+ log
(
1 + (Π˜R − Π˜R0)Π˜−1R0
)}
, (44)
where the loop momentum is rotated into the Euclidean space, i.e., Q2 = −p2, and Π˜L0,R0
denote the Higgs-independent part of the wave functions defined in Eq. 37. According to
the Higgs dependence, the potential can be reorganized into
V (h) = − 2Nc
16pi2
∫
dQ2Q2
{
ΠtL − ΠtL0
ΠtL0
− 1
2
(
ΠtL − ΠtL0
ΠtL0
)2
+
1
3
(
ΠtL − ΠtL0
ΠtL0
)3
+ · · ·
+
|ΠtLtR |2
ΠtLΠtR ·Q2
− 1
2
( |ΠtLtR |2
ΠtLΠtR ·Q2
)2
+
1
3
( |ΠtLtR |2
ΠtLΠtR ·Q2
)3
+ · · ·
}
+ hidden sector (45)
where ΠtL0 denotes the Higgs-independent part of ΠtL . We demonstrate the series of the
Higgs potential terms using Feynman diagrams as shown in Fig. 3. Diagrams in the hidden
sector can be laid out in a similar way, with corresponding form factors being organized in
the matrix form as in Eq. 37 accordingly. As the gauge sector tends to preserve the EW
vacuum, we omit its contribution in this section. Since our purpose here is to show vacuum
misalignment can be realized even considering only the fermionic contribution.
According to Eq. 44, the general form of the simplified Higgs potential can be parame-
terized by
V (h) '− γfs2h + βfs4h + · · · (46)
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FIG. 3. The Feynman diagrams for the holographic model. In each blob we show the Higgs
dependence for the corresponding vertex, while with each line connecting blobs we show the corre-
sponding holographic field propagating in the loop. We only show the leading Feynman diagrams
in the SM sector with and without chirality flip. Despite of the fact that the Higgs dependence is
more complicated, the same procedure can be followed when obtaining the Feynman diagrams in
the hidden sector. The compact form as in Eq. 37 is useful to systematically lay out the relevant
Feynman diagrams. The full form of the Higgs potential in Eq. 44 is obtained after summing over
all the diagrams with appropriate symmetry factors being taken into account.
with the definitions
γf =
3
4pi2
∫
dQ (F SMγ + F
Hidden
γ ) ,
βf = − 3
4pi2
∫
dQ (F SMβ + F
Hidden
β ) , (47)
where higher order terms with the Higgs dependence of O(s6h) are neglected. In the above
equation, the SM contribution is
F SMγ = Q
3
(
ΠtL − ΠtL0
ΠtL0
+
|ΠtLtR |2
ΠtL0ΠtR ·Q2
)
,
F SMβ = Q
3
[
−1
2
(
ΠtL − ΠtL0
ΠtL0
)2
− 1
2
( |ΠtLtR |2
ΠtL0ΠtR ·Q2
)2
− ΠtL − ΠtL0
ΠtL0
· |ΠtLtR |
2
ΠtL0ΠtR ·Q2
]
. (48)
We can also have the contribution from the color-neutral sector similarly, although the
explicit expressions are much complicated due to different Higgs dependence. We plot the
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FIG. 4. Illustration of the form factor combinations in the Higgs potential versus the loop momen-
tum Q. The blue lines denote the contribution from the SM sector to γf (top left) and βf (top
right), while the red lines denote the contribution from the color neutral sector to γf (bottom left)
and βf (bottom right). At the region Q→∞, the form factor combinations vanish and thus leads
to the finiteness of the Higgs potential.
contribution from the SM sector and the color-neutral sector to the Higgs potential in Fig. 4.
We see explicitly that the correct vacuum misalignment is realized because the SM sector
and the hidden sector cancel each other in γf , and the contribution from the color-neutral
sector to βf is much suppressed compared to the SM sector. Note that all the integrands
depicted in Fig. 4 vanish when Q→∞ due to the exponential suppression on the dependence
of the loop momentum. Thus the Higgs potential is finite, i.e., it does not depend on the
new physics scales at far UV. The calculability of the Higgs potential is the general feature
in the warped extra-dimensional model, this is the due to the collective symmetry breaking.
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When calculating the coefficients γf and βf , only the leading terms in Eq. 44 are included,
this would lead to spurious IR divergence as usual. We therefore choose the IR cutoff as 100
GeV in this work. As composite top partners will contribute to the Higgs potential and set
the overall scale for the Higgs potential if they contribute individually, the corresponding
fine-tuning level of our model is similar to other composite Higgs models [44].
V. ELECTROWEAK PRECISION TESTS
Electroweak precision observables [45, 46] are potentially very sensitive to new physics,
and therefore can be used to set a lower bound on the new physics scale. Let’s first consider
the effective Lagrangian in the gauge sector which parametrizes the new physics effect from
strong dynamics. In the Landau gauge, the holographic Lagrangian of gauge sector is
LHgauge =
P µνt
2
[
2
g25
W+µ W
−
ν
(
Π+ +
s2h
2
(
Π− − Π+))+ AµAν (2s2W
g25
Π+ +
c2W − s2W
g2X
Π+X
)
+ZµZν
(
c2W + s
2
Xs
2
W
g25
Π+ +
c2Xs
2
W
g2X
Π+X +
s2h
2c2Wg
2
5
(Π− − Π+)
)
+ ZµAν2cW sW
(
c2X
g25
Π+ − c
2
X
g2X
Π+X
)]
(49)
with the four dimensional gauge coupling of the SM defined as
Π+′
g25
=
Π+′X
g2X
=
1
g2
, (50)
where Π′ = ∂Π(p2)/∂p2|p2=0. With the above holographic Lagrangian, one can straightfor-
wardly calculate the leading contribution to the so-called oblique parameters
α
4s2W c
2
W
S = Π′ZZ −
c2W − s2W
cW sW
Π′Zγ − Π′γγ, (51)
αT =
ΠWW (0)
m2W
− ΠZZ(0)
m2Z
. (52)
The leading order contribution is found to be
S =
8pis2h
g25
(
Π+′ − Π−′) ' 3
2
piv2
M2KK
' 3
2
piv2L21, (53)
T = 0 at tree level . (54)
Note that the T parameter vanishes at the leading order because of the custodial symmetry.
However, the non-vanishing S parameter leads to constraint on the mass of the lightest
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spin-1 resonance. Given the fixed value of v, the correction from strong dynamics to S can
be sufficiently suppressed if all the KK resonances decouple as M2KK →∞.
Beyond the leading order, there are two kinds of contributions to the T parameter: UV
contribution from the composite states, and IR contribution from the Higgs loop.
First let us consider the loop corrections from the strong dynamics. The nonzero cor-
rections to T parameter will in general arise from the loops of heavy fermions and vectors,
e.g. the bi-doublet fermions under SU(2)L×SU(2)R with the custodial-symmetry-violating
boundary conditions [47–49]. With the nature of strong dynamics, the size of these contri-
butions are estimated to be of the order as [3, 50]
∆T Loop
UV
∼ Nc
16pi2
(y4L + y˜
4
L)f
MKK
ξ, (55)
where yL and y˜L denote the mixing parameters. Due to symmetry protection, the T pa-
rameter is usually calculable in this case. For the contribution from the zero modes of the
color-neutral sector, one can see their contribution is sufficiently small due to the relative
small mass splitting inside the doublet [9].
At low energies, due to Higgs nonlinearity (ξ 6= 0), the couplings of the composite Higgs
and electroweak gauge bosons are universally modified. Calculated at one-loop order for the
oblique parameters, the corrections from the Higgs loop read
∆SLoop
IR
= +
ξ
12pi
log
(
Λ2
m2h
)
, (56)
∆T Loop
IR
=− 3ξ
16pi
1
cos2 θW
log
(
Λ2
m2h
)
, (57)
where the cutoff scale Λ ∼ MKK is usually regulated by the mass scale of composite reso-
nances.
The total contributions to the oblique parameters are the sum of these contributions.
Typically there are compensations between different contributions to the oblique parameters
S and T [47–49]. Depending on five dimensional parameters, i.e., the bulk masses and
mixings in the IR, the positive contributions to the T parameter from the fermion loop is
viable [47–49], which can be used to cancel the negative contribution from Higgs nonlinearity
∆T Loop
IR
. Thus the bound on ξ and MKK is likely alleviated. Finally we would like to mention
that the parameter ξ is also constrained by the Higgs coupling measurements.
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VI. DECONSTRUCTED FOUR-DIMENSIONAL MODEL
The above five-dimensional setup can transparently be translated into four-dimensional
composite Higgs models following the general idea of dimensional deconstruction [6, 51, 52].
Under the paradigm of partial compositeness [53], there are the external elementary sector,
the composite sector, and the mixing sector connecting the previous two and at the same
time explicitly breaking the global symmetry.
L = Lelem. + Lcomp. + Lmix. (58)
Because of the large top quark mass, the top quark is believed as a mixed state between
the composite sector and the elementary sector. As usual, the top sector and its color-
neutral counterpart are responsible for triggering EWSB in composite Higgs models. In this
section, we will present the deconstructed 2-site model as a benchmark composite extension
of MNNM.
Based on deconstruction, the simplest one is the 2-site model based on the global sym-
metry breaking pattern SO(5)1 × SO(5)2/SO(5)V [54, 55] in which the minimal coset
SO(5)/SO(4) can be embedded; see the moose diagram in Fig. 5. Considering the bosonic
FIG. 5. The moose diagram for the 2-site composite realization of minimal neutral naturalness
model. Each circle denotes the global symmetry on the site, while the PNGB Higgs is denoted
by the link U in between. Accordingly, fermions are embedded into multiplets charged under the
global symmetry on each site.
sector, the SM gauge symmetry is identified as the subgroup of SO(5)1, while the SO(4)
subgroup of SO(5)2 is identified as the gauge group of composite ρ mesons. Then 6 of the 10
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Goldstone bosons will be eaten by the ρ mesons after global symmetry breaking, and there
will be mixings between the composite mesons and external elementary gauge bosons of the
SM. Note that the gauge bosons in the 2-site model will generally lead to log-divergent Higgs
potential, while 3-site model or multi-site models can render the Higgs potential finite.
At low energies, one can integrate out the composite resonances. Only the SM doublet
qL = (tL, bL)
T and singlet tR and the vector-like doublet q˜L,R and singlet T˜L,R are treated as
dynamical fields. The fields qL, q˜L, T˜L and q˜R are embedded into multiplets of SO(5), i.e.,
(QL)
I = (ΛL)
I
i (qL)
i ,
(Q˜L)
I = (Λ˜L)
I
i (q˜L)
i + (Λ˜′L)
I T˜L ,
(Q˜R)
I = (Λ˜R)
I
i (q˜R)
i,
(59)
with “spurions” defined as
ΛL = Λ˜L = Λ˜R =
1√
2
 0 0 1 i 0
1 −i 0 0 0
T ,
Λ˜′L =
(
0 0 0 0 1
)T
.
(60)
The fields tR and T˜R, on the other hand, are assumed as SO(5) singlets. Explicitly, the
SO(5) multiplets are
QL =
1√
2

bL
−ibL
tL
itL
0

, Q˜L =
1√
2

b˜L
−i˜bL
t˜L
it˜L√
2T˜L

, Q˜R=
1√
2

b˜R
−i˜bR
t˜R
it˜R
0

⊂ 5 ; (61)
tR, T˜R ⊂ 1. (62)
We see the assignment of U(1)X charge is arbitrary for color-neutral top partners, while it
is fixed for the SM top quark. Note that T 3R = −1/2 for the doublet q˜L,R and T 3R = 0 for the
singlet T˜L,R. For completeness, the quantum numbers are summarized in Table I.
Considering the fermionic setup, we furthermore introduce composite fermions ΨL,R and
their color-neutral counterparts Ψ˜L,R, to mimic the KK states of the holographic model. For
our purpose, we focus on the Lagrangian which is relevant to generate the Higgs potential
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and neglect the usual kinetic terms, in which one needs to replace the usual gauge fields
with the CCWZ Eµ for the composite fermions. Given the fermion setup depicted in Fig. 5,
we have the following Lagrangian relevant for studying EWSB,
Lmix. = yfQ¯LUΨR −MΨ¯LΨR −m1Ψ¯1LtR
+ y˜f
¯˜
QLUΨ˜R − M˜ ¯˜ΨLΨ˜R − m˜1 ¯˜Ψ1LT˜R − m˜UV ¯˜QLQ˜R + h.c. ,
(63)
where U is the Goldstone matrix with its explicit form in unitary gauge as
U =

13×3
ch sh
−sh ch
 , (64)
which corresponds to the Wilson line along the fifth dimension in the five-dimensional model.
Under the gauged SO(4) symmetry, composite Ψ (Ψ˜) are decomposed into 4-plet Ψ4 (Ψ˜4)
and singlet Ψ1 (Ψ˜1). Mass splittings of Ψ4,1 (Ψ˜4,1) are assumed to be zero. Because of that,
we will see that the Higgs potential is finite even in the deconstructed two-site model. It is
interesting to note that the setup in Ref. [56] is quite similar to ours depicted above.
Due to collective symmetry breaking, the PNGB Higgs is protected by both SO(5)1 and
SO(5)2 symmetries. Hence the non-vanishing Higgs potential can only exist when both
SO(5)1 and SO(5)2 are explicitly broken. The global symmetry SO(5)1 is explicitly broken
in the fermion sector, as fermions forms incomplete multiplets QL and Q˜L,R. On the other
hand, the symmetry SO(5)2 is explicitly broken because of the soft parameters m1 and m˜1.
Based on the fermionic sector in Eq. 63, we can integrate out the composite states and
map it to the effective Lagrangian in Eq. 37 via
Leff = −
∑
i
κ†(p/+MΨi)κ
p2 −M2Ψi
, (65)
qL tR q˜L,R T˜L,R
SU(3)c 3 3 1 1
SU(3)′c 1 1 3 3
SU(2)L 2 1 2 1
U(1)Y
2
3
2
3 −12 +X X
TABLE I. Quantum numbers for the SM top quark and the elementary color-neutral top partners
in the hidden sector. Note the hyper-charge is obtained as Y = X + T 3R.
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where κ denotes the elementary fermions with appropriate Goldstone matrix being dressed
on. The explicit form of κ depends on fermion representations, e.g., κ is κ = UF for the
fundamental representation F of SO(5). Here F denotes the SO(5) multiplets defined in
Eq. 61. Based on the above formula, the explicit form factors can be obtained as
ΠtL = 1−
y2f 2
2
1
p2 −M2 , ΠtR = 1−
m21
p2 −M2 ,
ΠtLtR =
iyf√
2
sh
Mm1
p2 −M2 , (66)
and
Π˜L =
 1− y˜2f22(p2−M˜2) 0
0 1− y˜2f2
p2−M˜2
 ,
Π˜R =
 1 0
0 1− m˜21
p2−M˜2
 ,
Π˜LR =
 m˜UV −iy˜f√2 sh m˜1M˜p2−M˜2
0 y˜fch
m˜1M˜
p2−M˜2
 . (67)
for the SM sector and the color-neutral sector, respectively. With specific combination of
the form factors, the top quark mass is
mt =
ΠtLtR(p→ 0)√
ΠtL(p→ 0) · ΠtR(p→ 0)
∼ yf〈sh〉 ∼ yv, (68)
which is roughly the correct magnitude of the SM value. Similarly, the mass matrix of the
color-neutral sectors can be obtained with the momentum p2 → 0. Comparing Eq. 67 and
Eq. 43, we see the mass matrix of composite model is identical to the one of the holographic
model. Both of them can reproduce the low energy spectrum of MNNM, despite some
corrections arising from the wave functions.
It is straightforward to see the finiteness of the Higgs potential induced by the form
factors in Eq. 66 and Eq. 67; as the momentum dependence of the relevant form factor
combination are
lim
Q2→∞
|ΠtLtR |2
ΠtLΠtR ·Q2
∼ 1
Q6
, lim
Q2→∞
1
Q2
Tr
[
Π˜LRΠ˜
−1
R Π˜
†
LRΠ˜
−1
L
]
∼ 1
Q6
. (69)
Beyond two-site, we can introduce more layers of composite states and organize them in a
manner that the finite Higgs potential is generally obtained, namely n-site models. Based
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on the naive dimensional analysis (NDA) power counting rules [57] for the potential
L = Λ2f 2
(
Λ
4pif
)2L(
gf
Λ
)2η (µ
Λ
)χ(pi
f
)Epi
, (70)
where Λ is the cutoff scale, L = 1 is the loop order of the Higgs potential, µ is any masses
or soft parameters, η and χ are the number of insertions of the coupling g and mass µ, Epi is
the number of the Higgs fields. Generally, it is showed the three-site model or models with
more than three sites (n ≥ 3) can typically guarantee the finite Higgs potential [55].
VII. CONCLUSIONS
In this work, we present a warped five-dimensional new physics model, which can be
regarded as one of the possible UV realizations of the minimal neutral naturalness model
setup. Using the holographic method, we present the effective action on the UV brane
which consists of only the holographic fields. Starting from the low energy effective La-
grangian for the top quark sector, we derive the finite Higgs potential with the correct
vacuum misalignment angle, v
2
f2
 1. Due to the soft breaking of the shift symmetry of the
pseudo-Nambu-Goldstone boson, the Higgs potential is finite, i.e., without dependence on
the cutoff scale. Comparing with the minimal neutral naturalness model, the cutoff depen-
dence shown in the Higgs potential is replaced by the mass scale of the composite states.
The small misalignment angle is strongly favored by the precision data of Higgs coupling
measurements. Typically vacuum misalignment is realized through fermionic and bosonic
cancellation. In this work, the vacuum misalignment is realized with only the fermionic
contribution to the potential, which is the initial motivation that inspires us to construct
concrete minimal neutral naturalness model. We deconstruct the holographic setup into
four-dimensional composite Higgs model, and present the simplest two-site model to illus-
trate the main features in the composite sector.
In the minimal neutral naturalness model, due to the dark QCD group which is confined at
around GeV scale, the smoking gun signature would be displaced vertices from the “quirk”
behavior at the colliders. In the UV completion, the new feature is the appearances of
heavy composite states. We study the electrowek precision constraints on the scale of these
composite states, which provides indirect probes of these states. On the other hand, the
direct signatures of these composite states are worth to be explored at the LHC and future
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high energy hadron colliders. Finally the QCD color neutral composite states could have
cosmological signatures, such as new dark matter candidates, etc.
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Appendix A: Fermion Profiles in Warped AdS5
With the general metric ds2 ≡ a(z)2 (ηµνdxµdxν − dz2), we have the equation of motion
for the five-dimensional profile fL,R(p, z) of the bulk fermions ΨL,R(p, z) as(
∂z + 2
∂za(z)
a(z)
± a(z)M
)
fL,R(p, z) = ±pfR,L(p, z) (A1)
where M is the bulk mass and p =
√
p2 and the profile is conveniently defined as
ΨL,R(p, z) =
fL,R(p, z)
fL,R(p, L0)
Ψ0L,R(p). (A2)
We see Ψ0L,R(p) is the corresponding field value on the UV brane. For flat extra dimension,
we can rewrite the equation of motion as
(
∂2z −M2 + p2
)
fL,R(p, z) = 0 (A3)
as ∂za(z) = 0. Solving the five-dimensional fermionic profile for the flat case would be
straightforward [32]. For the case of warped AdS5, we rewrite the equation of motion as(
∂2z −
4
z
∂z + p
2 +
6
z2
∓ ML
z2
− (ML)
2
z2
)
fL,R(p, z) = 0. (A4)
With IR-brane boundary conditions, we can solve the equation of motion and obtain all the
five-dimensional profiles for bulk fermions [43, 58, 59].
In case there is mixing term on the IR brane for two bulk fermion fields Ψ1 and Ψ2 as
LIR = m
g25
√−gind
(
Ψ¯1LΨ2R + Ψ¯2RΨ1L
)
(z = L1), (A5)
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we obtain the form factors for the holographic fields ψL = Ψ1L(z = L0) and ψ
′
R = Ψ2R(z =
L0) defined as
ψ¯L
p/
p
ΠL(m)ψL + ψ¯′R
p/
p
ΠR(m)ψ
′
R + ψ¯LΠLR(m)ψ
′
R + h.c. . (A6)
We report the forms of ΠL(m), ΠR(m), and ΠLR(m) as the following
ΠL(m) ≡ NL(m)
DL(m)
, ΠR(m) ≡ NR(m)
DR(m)
, ΠLR(m) ≡ NLR(m)
DLR(m)
. (A7)
With the notations defined in Euclidean space for later convenience as
G++(αi, z) = [Kαi(zQ)Iαi(L1Q)−Kαi(L1Q)Iαi(zQ)] , (A8)
G+−(αi, z) = [Kαi(zQ)Iαi−1(L1Q) +Kαi−1(L1Q)Iαi(zQ)] , (A9)
G−+(αi, z) = [Kαi−1(zQ)Iαi(L1Q) +Kαi(L1Q)Iαi−1(zQ)] , (A10)
G−−(αi, z) = [Kαi−1(zQ)Iαi−1(L1Q)−Kαi−1(L1Q)Iαi−1(zQ)] , (A11)
G˜+−(αi, z) = [Kαi(zQ)Iαi−1(zQ) +Kαi−1(zQ)Iαi(zQ)] , (A12)
the rest of the form factors are
DL(m) = DR(m) =
DLR(m)
2
= m2G++(α1, L0)G
−−(α2, L0) +G−+(α2, L0)G+−(α1, L0) ,
(A13)
NL(m) = im
2G−+(α1, L0)G−−(α2, L0) + iG−+(α2, L0)G−−(α1, L0) , (A14)
NR(m) = im
2G++(α1, L0)G
+−(α2, L0) + iG+−(α1, L0)G++(α2, L0) , (A15)
NLR(m) = m
{
G˜+−(α2, L0)G˜+−(α1, L1) + G˜+−(α1, L0)G˜+−(α2, L1)
}
. (A16)
When the mixing parameter on the IR brane m→ 0, we see explicitly the form factors will
reduce to
ΠLR(0) = 0 , (A17)
ΠL(0) = i
Kα1−1(L0Q)Iα1−1(L1Q)−Kα1−1(L1Q)Iα1−1(L0Q)
Kα1(L0Q)Iα1−1(L1Q) +Kα1−1(L1Q)Iα1(L0Q)
, (A18)
ΠR(0) = i
Kα2(L0Q)Iα2(L1Q)−Kα2(L1Q)Iα2(L0Q)
Kα2(L1Q)Iα2−1(L0Q) +Kα2−1(L0Q)Iα2(L1Q)
. (A19)
which is consistent with the results in Ref. [43].
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